A study of the ability to control the deposition flux in a high power impulse magnetron sputtering discharge using an external magnetic field is presented in this article. Pulses with peak power of 1.4 kWcm -2 were applied to a conventional planar magnetron equipped with an Al target. The high power creates a high degree of ionization of the sputtered material, which opens for an opportunity to control of the energy and direction of the deposition species. An external magnetic field was created with a current carrying coil placed in front of the target. To measure the distribution of deposition material samples were placed in an array surrounding the target and the depositions were made with and without the external magnetic field. The distribution is significantly changed when the magnetic field is present. An increase of 80 % in deposition rate is observed for the sample placed in the central position (right in front of the target center) and the deposition rate is strongly decreased on samples placed to the side of the target. The measurements were also performed on a conventional direct current magnetron discharge, but no major effect of the magnetic field was observed in that case.
Introduction
Magnetron sputtering is a widely used technique for production of various types of coatings. In conventional direct current (dc) magnetron sputtering, where the power level is kept relatively low (~ W/cm 2 ) , plasma densities of the order of 10 16 -10 17 electrons/m 3 develops [1] . Typically values of the ionized fractions are then low, usually less than 10 %, depending on the power level, the discharge geometry, the target material, and the magnetic field geometry [2] . When the majorities of sputtered particles are electrically neutral, it does not allow for much control over the direction and energy of the deposition material. For some applications it is a great advantage to gain control over the energy and direction of the deposition species. For example, in deposition of high aspect ratio structures, during integrated circuit fabrication, it is desired to obtain a collimated deposition flux that that arrives normal to the wafer surface. This is achieved by a negative substrate bias and the depositing ions are accelerated gaining a speed component along the electric field lines that dominates over the lateral speed components [3] . For complex shaped substrates the same technique can be used to achieve a normal flux, and thereby an improved film quality, also on surfaces not directly facing the source [4] . The quality of the grown films is also strongly affected by the energy of incoming deposition species [5] . To increase the control over the deposition process, it is thus desirable to produce a deposition flux with high fractions of ionized material.
Today, several alternatives exist to produce highly ionized fluxes of deposition material. A commonly used technique is arc evaporation. Arc evaporation is known to produce dense coatings, often with good adhesion. The main drawback with this technique is the production of droplets. In the arc spot, small molten particles of metal are produced. The droplets can seriously reduce the quality of the film. A promising alternative is high power impulse magnetron sputtering (HIPIMS) [6] [7] [8] [9] that combines many of the benefits of arc evaporation and conventional dc magnetron sputtering.
The plasma is highly ionized, but without formation of droplets. The technique relies on the creation of a high-density plasma in front of the sputtering source, ionizing a large fraction of the sputtered atoms. In magnetron sputtering, the increase in plasma density is simply achieved by increasing the applied power, but is limited by the thermal load of the target. The solution to this problem is to apply the power in pulses with a low duty factor. Since the thermal load of the target is limited by the average power rather than the peak power, the peak power during the active discharge can be very high. The applied peak voltage can be up to a couple of kV, resulting in peak discharge currents of the order of a few Acm -2 and a peak power density of several kWcm -2 on the target surface. The high power results in electron densities exceeding 10 19 m -3 surrounding the magnetron [10, 11] . The high density of electrons increases the probability for ionizing collisions drastically for the sputtered atoms, and results in a high degree of ionization of the sputtered material. Values of 5-70 % are reported [6, 12] , and optical emission studies suggest even higher peak values [8, 13] . The HIPIMS technique has been shown to produce coatings with improved properties.
CrN films prepared by HIPIMS have been shown to have excellent adhesion, high density, and high corrosion and wear protection capabilities [14] . The technique is also known as high power pulsed magnetron sputtering.
In this paper a study is presented on how the deposition material from a HIPIMS discharge can be guided with an external magnetic field. In this way the deposition rate in front of the magnetron was increased and the deposition to the sides reduced.
Experimental details
The experiments were performed in a cylindrical shaped vacuum chamber, 44 A cylindrical shaped coil was placed in front of the magnetron, at a distance of 20 mm from the target surface, to create an external magnetic field. The coil was made of 120 turns of Cu wire and had an inner diameter of 189 mm, an outer diameter of 240 mm, and a height of 86 mm. When current was drawn through the coil it generated a magnetic field opposing the field from the centre pole of the magnetron.
The magnetic field configurations are illustrated in Fig. 2 demonstrating the situation 6 without and with a coil current of 6 A, as simulated using a finite element method [15] . In this experiment two different field strengths were used, 3 and 6 A coil current.
When a current of 6 A is drawn through the coil it generates a magnetic field of roughly 5 mT in the center of the coil (measured in the absence of the magnetic field of the magnetron). The film thicknesses were measured using X-ray-reflectometry (XRR). XRR is limited to film thicknesses of ~ 10-100 nm for metals, due to absorption and resolution limitations. Because of the large variation in deposition rate depending on 7 substrate position, films were grown in two different runs (3 and 10 minutes) to obtain the right thickness interval for XRR measurements for all sample positions.
Fig. 2. (a) The magnetic field of the magnetron. (b) The field generated by the coil superimposed with the original field of the magnetron. The field was simulated by using a finite element method. A to K indicate substrate positions.

Results and discussion
The force acting on a charged particle moving with velocity v in the presence of a magnetic field is determined by the Lorentz force
8 where q is the charge of the particle and E and B is the electric and magnetic fields.
Inside the bulk plasma the motion of the charge carriers cancels out most of the externally applied electric field. The solution of Eq. 1 with E = 0 is a gyrating orbit perpendicular to the magnetic field. The radius of such an orbit is called the Larmor radius and is defined as
where m is the mass of the particle. To confine the particle it is necessary that the Larmor radius is much smaller than the dimension of the experimental setup. In our experimental setup we typically generate magnetic field strengths of a few mT. together. This is known as ambipolar diffusion. Similar arguments and observations are used to explain the plasma confinement in magnetically filtered arc discharges [16, 17] . Thus, the motion of the ions, thermalized or not, is determined by the effect of the magnetic field on the electrons. Due to this phenomenon it should be possible to control the spatial distribution of the deposition material for the HIPIMS discharge, even with a relatively weak external magnetic field.
For comparison, the spatial distribution of sputtered Al was recorded for a conventional dc discharge with and without the presence of the external magnetic field. The result can be seen in Fig. 3 where the deposition rates have been normalized with the rate for sample position A. Note that the overall deposition rate is lower for the HIPIMS deposition as is discussed by Christie [18] . It can be seen that the externally applied magnetic field only to a small degree affects the distribution of material for the dc discharge. This is an expected outcome, since the majority of the sputtered particles are electrically neutral, and not affected by the external magnetic field. The distribution of material for the conventional dc discharge is also compared to the distribution of material for the HIPIMS discharge in the absence of the magnetic field. In Fig. 3 it can be seen that there is no major difference in the spatial distribution of material between the conventional dc discharge and the HIPIMS discharge when no external field is applied. The results presented in this paper are useful as a tool for increasing the deposition rate for HIPIMS, and increasing the target utilization, since less material is lost to the chamber walls. The results presented in this paper not only show the possibilities to control the spatial distribution of material, but are also one more indication that the HIPIMS discharge is highly ionized since the magnetic field affects only ionized Al.
Conclusions
The spatial distribution of deposition material for the HIPIMS discharge has been measured and an external magnetic field were used to focus the flux. The spatial distribution of material is significantly changed when the plasma is exposed to an external magnetic field. The deposition rate was increased with about 80 % for a sample placed on the center axis. For a conventional dc discharge only a minor effect of the magnetic field was observed. The redistribution of material in the HIPIMS discharge not only shows the possibilities to control the flux of material, but also verifies a high degree of ionization of the sputtered material.
